The metabolite profile of meju during fermentation was analyzed using mass spectrometry techniques, including GC-MS and LC-MS, and the bacterial diversity was characterized. The relative proportions of bacterial strains indicated that lactic acid bacteria, such as Enterococcus faecium and Leuconostoc lactis, were the dominant species. In partial least-squares discriminate analysis (PLS-DA), the componential changes, which depended on fermentation, proceeded gradually in both the GC-MS and LC-MS data sets. During fermentation, lactic acid, amino acids, monosaccharides, sugar alcohols, and isoflavonoid aglycones (daidzein and genistein) increased, whereas citric acid, glucosides, and disaccharides decreased. MS-based metabolite profiling and bacterial diversity characterization of meju demonstrated the changes in metabolites according to the fermentation period and provided a better understanding of the correlation between metabolites and bacterial diversity.
Meju has been used for fermented soybean foods such as kanjang (Korean soy sauce) and doenjang (Korean soy paste). The nutritional value and functionality of these Korean soybean-fermented foods have recently received much attention from researchers [4, 13, 30, 36] , which has led to their increased recognition as one of the healthiest foods in the food industry. Traditional Korean meju can be defined as a fermented soybean paste that is steamed and molded into a rectangular shape and inoculated with various microorganisms from the surrounding environment. It is well known that lactic acid bacteria (LAB), Bacillus species, and Aspergillus species are the major microorganisms present during traditional fermentation [5, 19, 20, 24, 27] .
The physicochemical and organoleptic characteristics of the soybean product such as color, flavor, and active components change during fermentation; the large protein, lipid, carbohydrate, and glucoside molecules in the raw soybeans are broken down into small molecules such as peptides, amino acids, fatty acids, sugars, and aglycones [23, 39] .
Metabolomics is a comprehensive field that investigates the changes in metabolites in various genetic, physiological, and environmental conditions [10] . Metabolite analysis has been performed using various tools, such as nuclear magnetic resonance (NMR), Fourier transform infrared spectroscopy (FTIR), and mass spectrometry (MS), coupled to separation techniques such as gas chromatography (GC), direct flow injection (DFI), liquid chromatography (LC), and capillary electrophoresis (CE) [7] .
GC-MS is a common technique used for metabolite profiling of various biomolecules, particularly primary metabolites [17] . Nonvolatile metabolites require derivatization to increase volatility and stability [21] . LC-MS with electrospray ionization (ESI) is another technique widely used for metabolite profiling, and it is a powerful tool for the identification of phenolics such as isoflavonoids [9] . Arbona et al. [2] reported that a single spectroscopic technique is not sufficient to detect all the classes of metabolites present in the sample. Therefore, a combination of different spectroscopic platforms, such as GC-MS and LC-MS, could detect broader classes of metabolites [2] .
The aim of this study was (i) to conduct a comprehensive examination of the metabolite profile of meju using two MS techniques, GC-MS and LC-MS, with multivariate analysis, and (ii) to determine the metabolites responsible for the changes in meju during fermentation. We also intended (iii) to investigate the microbial diversity during fermentation. An effort was made to determine the relationships between metabolites and bacterial diversity. Comprehensive metabolite profiling along with microbial analysis should provide a better understanding of the metabolism and provide an important tool for evaluating meju for the manufacture of derived products such as kanjang and doenjang.
MATERIALS AND METHODS

Sample Collection
Meju, a block of fermented soybeans, was obtained from Gangwondo, Republic of Korea. After cleaning, the soybeans were steamed for 3 h and then crushed. The paste was then pressed into a block (19 × 19 × 9.5 cm) and dried for 1 day. The blocks were hung up with rice straw and naturally fermented in a greenhouse at 25 o C for 35 days. The first fermented samples were fermented again by placing on rice straw at 18~21 o C for 45 days (second fermentation). Samples were collected at different periods, such as non-fermented block paste (day 0), first fermentation (days 14, 25, and 36), and second fermentation (days 56 and 81), and were analyzed with three biological replicates. All samples were mashed and mixed for standardization and analysis of the samples.
Isolation and Identification of Bacteria from Meju
One-gram samples of meju were suspended in 9 ml of sterile phosphatebuffer saline (pH 7.0) in a culture tube (1.5 cm in diameter, 15 cm in height). After agitation at 200 rpm for 1 h, serial dilutions (10 -1 to 10 -7 ) were made. Each dilution (0.1 ml) was spread on a 0.3% tryptic soy agar (TSA) plate containing 100 µg/ml cycloheximide. After 1 to 5 days of incubation at 28 o C, morphologically representative colonies were picked and purified by restreaking on the same medium. The isolated bacteria were stored in 10% glycerol suspensions at -80 o C. Bacterial genomic DNA was extracted by adapting the procedure of Metsa-Ketela et al. [25] . Bacterial colonies picked from the TSA plates were incubated at 28 o C for 2 days and suspended in 100 µl of sterilized water. The suspension was boiled in a water bath at 100 o C for 15 min, followed by centrifugation at 18,000 ×g for 10 min. The supernatant served as the template for PCR amplification. The 16S rDNA genes of the bacterial isolates were amplified using the universal primers fD1 (5'-AGAGTT TGATCC TGGCTCAG-3') and rP2 (5'-ACGGCTACCTTGTTACGACTT-3') [38] and the 2× BluePreMix (Macrogen Co., Korea) kit. Amplification was performed in a thermal cycler (Corbett Research, Australia.) with initial denaturation step for 5 min at 95 C. Amplified products were purified using the LaboPass PCR purification kit (CosmoGen, Korea) and the sequences of the purified 16S rDNA genes (approximately 1,400 bp) were analyzed with an ABI Prism 3100 sequencer (Applied Biosystems, USA). Based on a GenBank search using BLAST [1] , the closest known relatives of the partial 16S rDNA sequences were determined.
GC-MS Analysis
The lyophilized samples (100 mg) of meju dissolved in 1 ml of mixture solvent (methanol:water:chloroform=2.5:1:1), containing norvaline as an internal standard, were extracted with a Mixer Ball Mill (Retsch, Germany) at 30/s for 5 min. The extract was then centrifuged at 5,000 ×g for 8 min at 20 o C. After centrifugation, 600 µl of supernatant was separated and 400 µl of water was added. The sample was vortexed and centrifuged again. Subsequently, 400 µl of supernatant was transferred to a 1.5 ml Eppendorf tube, which was concentrated using a Speedvac (Biotron, Korea) until dried. The residue was derivatized with 200 µl of methoxyamine hydrochloride in pyridine (20 mg/ml), and the mixture was incubated at 30 , and the helium (carrier gas) flow rate was 1 ml/min. The mass spectra were recorded over the range of 50-1,000 m/z. Metabolites were identified using the NIST mass spectral database (National Institute of Standards and Technology, FairCom, USA) and by comparing the retention time and fragment ratio with those of standard compounds.
LC-MS Analysis
Lyophilized samples of meju (100 mg) were dissolved in 500 µl of 80% ethanol. It was extracted with a Mixer Ball Mill (Retsch, Germany) at 30/s for 5 min and centrifuged at 5,000 ×g for 8 min at 20 o C. Fifty microliters of supernatant was concentrated with a Speedvac (Biotron, Korea) until dried and dissolved in 500 µl of 50% methanol. The extract was filtered using a 0.22 µm filter (Woongki, Korea) and used for LC-MS analysis. A Varian 500-MS (Varian, USA), which consisted of a 212-LC binary gradient solvent delivery pump, a ProStar 335 photodiode array detector, a ProStar 410 autosampler, and a 500-ion trap mass spectrometer, was used for the analysis. Chromatographic separation was performed at a flow rate of 0.2 ml/min using a 100 × 2.0 mm i.d., 3 µm Pursuit XPs C18 column (Varian, USA) with a MetaGuard 2.0 Prusuit XRs C18 guard column (Varian, USA), and the injection volume of the sample was 10 µl. Mobile phases A [0.1% (v/v) formic acid in water] and B [0.1% (v/v) formic acid in acetonitrile] were used at a gradient of 10% B for 2 min, then increased to 40% B at 10 min, to 70% B at 20 min, to 90% B at 25 min, isothermally held for 5 min, and then sharply decreased to 10% B and maintained for 5 min. Mass spectra were simultaneously acquired using electrospray ionization in negative ionization (NI) mode at 70 V over a range of 100-1,000 m/z. Drying gas pressure and temperature were 20 psi and 300 o C, respectively, and a spray voltage of ±5,000 V was used. MS n analysis was performed using scan-type turbo data-dependent scanning
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(DDS) with the same conditions used for the negative-and positivemode MS scanning.
Data Processing and Multivariate Analysis
Raw data (*.xms) were acquired using Varian MS Workstation 6.9 software (Varian, USA). The data files were converted to netCDF (*.cdf) format using Vx Capture (ver. 2.1; Adron systems, USA). After conversion, peak extraction, peak matching, and retention time alignment were performed on the files using XCMS. R-program version 2.9.0 (http://www.r-project.org/ and http://masspec.scripps.edu/ xcms/docume-ntation.php) was used with XCMS parameters. The resulting file (*.TSV) was exported to Microsoft Excel (Microsoft, Redmond, WA, USA). Data obtained with XCMS showed 930 and 629 variables from the GC-MS and LC-MS analyses, respectively.
Variables from the processed file were used for multivariate statistical analysis by SIMCA-P + (version 12.0; Umetrics, Sweden). The data sets were unit variance-scaled and log-transformed means. Partial least-squares discriminant analysis (PLS-DA) was used to visualize each sample. The significant differences in the sample groups were explained by variable importance in the projection (VIP > 0.95). The significance test (p < 0.05) and visualize data were performed as described by STATISTICA (ver. 7.0; StatSoft, USA).
RESULTS
Identification and Distribution of Bacterial Strains
Isolated from Meju A total of 17 bacterial strains were isolated from the meju samples grown on TSA (Table 1 ). The sequences of the purified 16S rDNA genes had BLASTN similarity values higher than 97% to sequences in GenBank. Isolated bacteria were classified into 3 phylogenetic groups; the Actinobacteria, Firmicutes, and γ-Proteobacteria. Fig. 1 shows the dominant bacteria in each meju sample. Bacterial phyla with a mean relative proportion greater than 10% were assigned to the Firmicutes and γ-Proteobacteria, including Enterococcus faecium, Leuconostoc lactis, Bacillus subtilis, Pantoea agglomerans, and Pseudomonas cedrina. The phylum with the highest proportion of bacteria (52.8-99.7%) throughout the fermentation period was Firmicutes, which includes 2 orders Lactobacillales and Bacillales. LAB, such as Leuconostoc lactis and Enterococcus faecium, were present in high proportions (50.7-89.1%) during the entire fermentation period. Although the percentage was less than 10%, Bacillus subtilis, which is known to be the main bacteria in meju, was not found on day 0. The abundance of others was less than 8%.
Metabolite Profiling of Meju During Fermentation Using GC-MS
Multivariate analysis was performed to visualize the differences in meju samples over time using PCA and PLS-DA. The PLS-DA model based on meju samples taken over time is shown in Fig. 2A . The PCA model had a pattern similar to the PLS-DA model (data not shown), where the PLS-DA score plot showed 29.79% and 9.01% variance by the PLS 1 and PLS 2, respectively. The meju metabolites changed constantly during the fermentation period. The difference in metabolites according to fermentation time was mainly revealed by PLS 1. The positive and negative dimensions of PLS 1 showed separation of the beginning (days 0 to 25) and end (days 56 to 81) stages of the fermentation period, respectively. Among the differential variables (VIP > 0.95) obtained from the PLS-DA, a total of 15 primary metabolites were identified ( Table 2 ). The major metabolites that contributed to the separation along PLS 1 are illustrated in Fig. 2B . Metabolites with higher values at the beginning stage of fermentation were sucrose, maltose, and citric acid. High concentrations of lactic acid, alanine, leucine, pyroglutamic acid, glutamic acid, tyrosine, glycerol, fructose, galactose, glucose, mannitol, and xylitol Plot annotation: 1, lactic acid; 2, citric acid; 3, alanine; 4, leucine; 5, pyroglutamic acid; 6, glutamic acid; 7, tyrosine; 8, glycerol; 9, mannitol; 10, fructose; 11, galactose; 12, glucose; 13, xylitol; 14, sucrose; 15, maltose.
were found in the end stage of fermentation. Lactic acid and xylitol increased continually for 36 days, and then decreased. Amino acids (alanine, leucine, pyroglutamic acid, glutamic acid, and tyrosine), monosaccharides (fructose, galactose, and glucose), and mannitol increased continually, whereas citric acid, sucrose, and maltose decreased steadily over 81 days (Fig. 4) .
Metabolite Profiling of Meju During Fermentation Using LC-MS
The PLS-DA model based on meju samples taken over time analyzed by LC-MS had a pattern similar to that from the GC-MS analysis. However, the metabolites at the beginning of fermentation did not change significantly. The beginning stage and end stage of fermentation were separated by the positive and negative dimensions of PLS 1, respectively (Fig. 3A) . A total of 7 metabolites were identified in the LC-MS analysis (Table 3) . Flavonoid aglycones [daidzein (6) and genistein (7)], glucosides [daidzin (1), glycitin (2), and genistein (3)], and acetyl glucosides [6''-O-acetyldaidzin (4), and 6''-O-acetylgenistin (5)] were the major metabolites responsible for the separation at PLS 1, as shown in Fig. 3B . Flavonoid glucosides and aglycones were associated with the beginning and the end of fermentation, respectively. The flavonoid glucosides increased at the initial stage of fermentation, and decreased sharply between day 36 and day 56 (Fig. 6A and 6B) , whereas aglycones increased gradually during fermentation (Fig. 6C) .
DISCUSSION
Metabolite profiling has been used to analyze the changes in the metabolites of fermented soy products, including soy sauce [22] , meju [15] , doenjang [28] , and cheonggukjang Retention time in the mass chromatogram. c Metabolites were identified from an in-house library using MS/MS spectra and Reference [24] . (A) Organic acids, (B) amino acids, and (C) sugars and sugar alcohols effects are shown. Peak area values were transformed to log 10 and the level of significance was set at p < 0.05. [3, 18, 31] . In this study, we demonstrated the comprehensive metabolite changes in traditional meju over the fermentation period using MS-based techniques (i.e., GC-MS and LC-MS) combined with multivariate analysis, and we also examined the bacterial communities present over the fermentation period.
Bacillus species are known as a predominant species throughout the entire soybean loaf, including the inner a This number is represented in Table 3 . Fig. 6 . Changes in metabolites during meju fermentation determined using LC-MS analysis.
(A) Glucosides, (B) acetyl glucosides, and (C) aglycones are shown. Peak area values were transformed to log 10 and the level of significance was set at p < 0.05. a This number is represented in Table 3 .
portion and surface layer [5] . In this study, LAB, including Leuconostoc lactis and Enterococcus faecium, were identified as the dominant species throughout the fermentation period (Fig. 1 ). This is due to the anaerobic conditions found inside the molding [6] . It was recently reported that various LAB, such as Leuconostoc, Enterococcus, Pediococcus, and Lactobacillus, were found in higher proportions than Bacillus species in meju and doenjang [19, 24] . As shown in Fig. 4A , lactic acid and citric acid decreased sharply after 36 days. It was reported that lactic acid could be degraded by microorganisms under anoxic conditions [29] . In addition, citric acid is converted into acetate, formate, diacetyl, and carbon dioxide by lactobacilli [14] . We demonstrated that all amino acids, including alanine, leucine, pyroglutamic acid, glutamic acid, and tyrosine, increased during fermentation (Fig. 4B ). An increased level of free amino acids related to taste substances is a well-known effect caused by the proteolytic enzyme activities in fermented soybean [37] . As shown in Fig. 4C , fructose, galactose, and glucose increased significantly, whereas sucrose and maltose decreased steadily during fermentation. Low-molecular-weight oligosaccharides such as sucrose, raffinose, and stachyose, which are composed of fructose, galactose, and glucose, were reduced in the fermented soybean product [8, 26] . Previous studies reported that amylolytic LAB (ALAB), such as Lactobacillus amylovorus and Enterococcus faecium, could catalyze enzymatic saccharification using amylase [12, 33, 35] . Xylitol and mannitol increased as fermentation progressed (Fig. 4C) . Previous studies reported that sorbitol, arabitol, xylitol, and mannitol were detected in soybeans [16] , and xylitol, ribitol, inositol, and mannitol increased after fermentation in doenjang [28] .
The isoflavones found in soybean exist in 4 chemical forms: malonyl glucosides (malonyldaidzin, malonylgenistin, and malonylglycitin), acetyl glucosides [acetyldaidzin (4), acetylgenistin (5), and acetylglycitin], β-glucosides [daidzin (1), genistin (2), and glycitin (3)], and aglycones [daidzein (6) , genistein (7), and glycitein] [34] . In this study, we detected 3 isoflavone forms, including aglycones, acetyl glucosides, and β-glucosides (Table 3 , Fig. 5 ). The chemical changes reported in isoflavones are that malonyl glucosides are decarboxylated to acetyl glucosides, and acetylglucosides are hydrolyzed to glucosides. In particular, malonyl isoflavones can easily be converted to another form during processing [34] . The aglycones such as daidzein (6) and genistein (7) increased during fermentation, whereas the levels of glucosides increased slightly at the initial stage of fermentation, and then decreased (Fig. 6) . In general, fermentation of soybeans increases isoflavone glucoside hydrolysis, resulting in higher concentrations of aglycones, which are absorbed by humans faster and in greater amounts than their glucosides [11] . It has also been reported that Lactobacilli and Bifidobacteria could convert isoflavone glucosides to their aglycones through β-glucosidase activity during soybean fermentation [32] . This is the first study to demonstrate the changes in metabolites during fermentation using a combination of techniques (i.e., LC-MS, GC-MS) along with microbial diversity analysis. This approach was confirmed to be an adequate method for observing metabolism during meju fermentation. In addition, this work should help with the understanding of the correlation between metabolites and microorganism in natural fermented foods for future studies.
